Nanostructured microporous surfaces were electrodeposited at various electrolyte temperatures on copper substrate to investigate the saturated pool boiling enhancement of distilled water at atmospheric pressure. Surface structure topography and wickability were analyzed to investigate their relation to critical heat flux. Scanning electron microscope showed that the micro-clusters have nanostructures from cubic at 5°C to dendritic at 60°C electrolyte temperature. Rate-of-rise experiments demonstrated that dendritic copper structure has the best capillary performance. The experimental results of pool boiling heat transfer indicate that the critical heat flux increased with surface wickability. Electrodeposited porous surface in hot electrolyte showed the highest critical heat flux and heat transfer coefficient of the 124 W/cm 2 and 17 W/cm 2 K, respectively, which is 50% and 270% higher than that of plain surface. However, the two-step electrodeposition and annealing were used in fabrication of surfaces, but the mechanical strength of layer needs more improvement by changing the electrochemical process parameters.
Introduction
Boiling heat transfer can provide an extremely high heat transfer coefficient under a low superheat condition due to the latent heat of the working fluid during phase transition process; this is recognized as an effective way for cooling high power devices. Demand from higher power generation, lower equipment size, and process efficiency improvement has led to extensive research on the enhancement of heat transfer performance. It is widely accepted that surface structures play a crucial role in the enhancement of pool boiling. Several studies [1] were conducted to identify the effective parameters of surface roughness [2] , [3] , wettability [4] , [5] , and porosity [6] , [7] for optimized pool boiling performance. Experimental results show that hydrophilic porous surfaces have best performance in enhancing the boiling curve [8] . This enhancement can be attributed to a variety of mechanisms, including increased nucleation site densities at lower wall superheat [9] , increased bubble departure frequency [10] , enhanced micro-convection around nucleated bubbles [11] , elongated triple contact line [12] , and enhanced microlayer evaporation via a wicking effect [13] . Among these possible mechanisms, the enhanced microlayer evaporation through wicking has been widely accepted as the dominant mechanism for critical heat flux (CHF) enhancement, and correlations [14] and theoretical predictions [15] have been established between the CHF and the wicking rate. For a bubble nucleated on a solid surface during boiling, evaporation occurs both along the apparent liquid-vapor interface and the microlayer near the bubble contact line, where nanostructure-enhanced liquid delivery through wicking stabilizes the evaporating thin film, thereby improving the CHF. Increasing the surface area and roughness by nanostructures can enhance hydrophilicity and wicking of surfaces. In order to better understand enhanced boiling heat transfer mechanism, the effect of the micro/nanostructures on the wicking phenomena needs to be studied.
Different kinds of nanostructured microporous surfaces have been used in heat transfer enhancement studies, and these structures have resulted in dramatic augmentation of heat transfer [16] , [17] . Rioux et al. [18] systematically studied surfaces created from nanostructure by acid etching to microscale by a sintering process. Results showed that using hierarchical multiscale modulated porous surfaces have led to the most significant improvements of 350% in heat transfer coefficient (HTC) and 200% in CHF over the polished plain surface. Chu et al. [19] fabricated hierarchically structured surfaces, using electrophoretic deposition of silica nanoparticles on microstructured silicon and electroplated copper microstructures covered with copper oxide nanostructures. A CHF of 250 W/cm 2 was achieved on a CuO hierarchical surface with a roughness factor of 13.3. Nazari and Saedodin [20] used an electrochemical process of anodizing to coat an aluminum oxide layer on aluminum plain surface. They found porous nanostructured coatings, due to their improved surface characteristics particularly wettability, increased CHF values by about 80% in comparison to the plain surface. Patil et al. [21] reported that a significant enhancement in HTC of 17.9 W/cm 2 K was obtained from a copper chip with cauliflower-like morphology fabricated by a twostep electrodeposition process. Xu et al. [22] fabricated a composite copper porous surface by electrochemical deposition. Experimental results revealed that the HTC of the porous surface was 120% higher than that of the plain surface. Li et al. [23] fabricated a well-ordered 3D macro-porous metallic surface layer with nanostructured porosity by the electrochemical method, and pool boiling heat transfer experiment with R134a indicated that the heat transfer coefficient was enhanced by over a favor of 17 compared to a plain reference surface. Tang et al. [24] adopted a method of hot-dip galvanizing/dealloying to fabricate a nanoporous structure on copper surface, and found a reduction of 63% in wall superheat and an increase of 172% in heat transfer coefficient compared with the nonstructure. Tetreault-Friend et al. [25] used layer-by-layer deposition charged solutions of nanoparticles and polymers to investigate effects of pore size and porous layer thickness on the CHF. Experimental data support the hypothesis that CHF is governed by the competition between capillary wicking, viscous pressure drop and evaporation, as well as conduction heat transfer within the porous layer. Gao et al. [26] demonstrated that surface structure of nanoporous copper prepared by electrodeposition and heat treatment can improve the bonding strength by 77%, decrease the wall superheat by 45%, and increase the HTC by 80%. Lu et al. [27] used a dealloying process to nanostructure formation and visualization results showed a higher bubble departure frequency, higher active nucleation site density, and lower probability for bubble merging, all cause boiling enhancement. Gheitaghy et al. [28] used two-step electrodeposition with high current density of 250 mA/cm 2 for a short time (50 seconds) and obtained 1.6 and three fold CHF and HTC enhancement, respectively over the plain surface.
In this paper, two-step electrochemical deposition of copper is used at various electrolyte temperatures to fabricate the hydrophilic microporous surfaces with different nanostructures. The temperature parameter is used due to its impact on nanostructure morphology and there is a dearth of literature on it. The effect of electrolyte temperature on structures are investigated from scanning electron microscope (SEM) images. Wickability of structures is measured with capillary rate-of-rise experiments and its effect on CHF is examined. Saturated pool boiling is carried out on three samples to compare the enhancement relative to polished copper and predictions are proposed according to wickability performance.
Experimental method

Samples fabrication by electrodeposition method
Electrodeposition is an electrochemical process of ion reduction at the cathode by passing direct current through the solution (galvanostatic). As shown in Figure 1 (a 2 ), circular polished copper with diameter of 22 mm was used as the cathode and a copper cylinder with larger area was used as the anode. The two electrode surfaces were fixed parallel 3 cm apart in the stationary solution. Two simultaneous reduction reactions for the Cu 2+ and H + ions in the electrolyte solution happen at the cathode as soon as the electric current is supplied to the electrochemical deposition cell:
Anode:
Cathode:
In the anode, copper loses electrons to form copper ions. In the cathode, the copper ions obtain the electrons and are redeposited as copper again. Simultaneously, there is hydrogen production as shown in Figure 1 (a 1 ). The rapidly generated bubbles partly occupy the volume of the copper deposit sediment, leaving a porous surface with multi-scale structure. Figure 1 shows the similarity between the hydrogen bubble template in electrodeposition process and vapor bubble in pool boiling experiment on electrodeposited copper. Since formation of the structure is directed by continuous dynamic gas bubbles, the structure can facilitate the escape of the gas bubbles generated from the surface. Therefore, such porous surface structure can be more suitable to use in gas generation processes such as boiling where the bubbles need to be quickly dissipated from the surface. Two-step electrochemical deposition is carried out in an electrolyte solution of CuSO 4 (0.4 M) and H 2 SO 4 (1.5 M), subjected to high current density (600 mA/cm 2 ) for 100 seconds followed by lower current density (60 mA/cm 2 ) for 2,500 seconds. A series of porous surfaces were prepared under different electrolyte temperatures of 5, 30, and 60°C.
Pool boiling experiment
Pool boiling experiments were carried out using the experimental setup ( Figure 2 ) presented in author's previous research [29] with water at atmospheric pressure on three electrodeposited samples and polished copper to investigate the effect of micro/nanostructures on pool boiling performance. The experimental facility consisted of the heating module, the power supply module, the boiling vessel, the data collection module, and the visualization module. The heating module consisted of cartridge heater, copper block, and copper rod sample. Cartridge heater embedded in the copper block was used to provide heat to the surface. Copper rod sample was fixed to copper block by a Polytetrafluoroethylene cone frustum. Teflon was selected to fix the copper rod sample due to its excellent processing ability and low heat conductivity coefficient. The layout ensures the electrodeposited copper is exposed to the pool liquid. The data collecting module included four K-type thermocouples, a data acquisition unit, and a computer. The arrangement of thermocouples is such that an estimate of the heat flux could be obtained from three thermocouples (of 0.5 mm diameter) that were located at the center of the copper rod sample with 15 mm intervals. Also, the wall temperature could be determined based on a linear temperature distribution and the measurement by a thermocouple that is placed 3 mm below the heat transfer surface. The samples are circular copper disks and microporous structures are fabricated on their top surface. The sample size (or the boiling area) was 4 cm 2 , which was large enough to eliminate edge effects and show a similar boiling behavior to an infinite boiling surface. The sample was surrounded by Polyetheretherketone (PEEK) and the space where the heater block was located was evacuated for thermal insulation. PEEK is a thermoplastic that has a large thermal resistance and is compatible with an aqueous chemical environment.
Before the experiment, de-ionized water was charged into the chamber. The distance between the liquid level and surface was set as 150 mm. Auxiliary heaters were turned on to boil the liquid for 1 hour to remove noncondensable gases. During the experiment, the temperature of the working fluid was kept at saturation temperature and the temperature fluctuation of the working fluid was less than 0.2°C. The heat transfer was considered to have reached a steady state if the variation of the wall temperature was smaller than 0.1°C after about 10 minutes and the same steps were repeated at each heat flux. The uncertainty of the measured heat flux was mainly dependent on the accuracy of the position and calibration of the thermocouples. The maximum uncertainties in measurement were about 13% for the heat flux and 6% for temperature [29] . Verification and comparison of the pool boiling curve on the polished surface with literature has been presented in our previous research [28] .
CHF prediction by considering wettability and wickability
Among a variety of hypothetical explanations to understand the boiling enhancement, explanations which relate the CHF to the wettability and wickability have been recently presented in the literature [30] - [32] . Wetting is the ability of a liquid to maintain contact with a solid surface, and the degree of wetting (wettability) is determined by a force balance between adhesive and cohesive forces which are measured by droplet contact angle. Wicking is the ability to sustain the capillary flow and wickability is a transportation of liquid from one place to another driven by capillary action which is measured by liquid absorption. Wetting is a prerequisite for wickability, as a liquid that does not wet the porous layer cannot wick into it. Highly wettable and wickable surface can be obtained with high surface energy materials that strengthen surface energy by micro/nanostructures.
Kandlikar [33] reported the analytical CHF model for saturated pool boiling of pure liquid on horizontal heater with the effect of wettability as follows:
where h fg is the latent heat, ρ g and ρ l are the density of the vapor and liquid, respectively, β is the contact angle, ∅ is the surface orientation, g is the gravity acceleration, and σ is the surface tension. Ahn et al. [30] discussed the effect of the capillary wicking of the micro/nanostructures on the CHF enhancement in the spreading region, because liquid spreading on modified surfaces is generated due to the capillary wicking. They found that CHF increases more than the prediction of Kandlikar on plain surface. Therefore, they modified Eq. (5) for CHF prediction with the effect of capillary wicking as follows:
Heat flux gain due to capillary wicking is proportional to absorbed liquid volume as below [20] :
A heating (7) whereV is the volumetric flow rate of supplied liquid by capillary wicking, and A heating is the area of the heating surface. Volumetric flow rate can be calculated as follows:
where A wetted , ε, and δ are the area wetted by capillary wicking, the porosity of structured surface, the thickness of structure, respectively. The porosity and the thickness of modified structures can be estimated using SEM images. dA wetted /dt indicates the initial (maximum) time differential term of the wetted area, and it is determined through visualization of the capillary wicking action at the moment of liquid suction. The wicked volume flow rate captures the effects of micro/nanostructure size, morphology, permeability, intrinsic contact angle, and porosity all into one phenomenological parameter. This technique yields a direct measurement of the actual mass flow rate, and allows for a direct correlation with CHF via the additional latent heat associated with the wicked liquid mass flow.
Results and discussion
Morphology and characteristics Figure 3 shows differing magnification SEM images of electrodeposited copper surface morphology for three electrolyte temperatures. For the surface prepared at the coldest temperature of 5°C, nanocube grains clustered to form a nonuniform bi-porous interconnected structure. As the electrolyte temperature increases to 60°C, the grains turned to dendritic branches and the clusters connected more uniformly to form a hole with diameter of about 100 µm. This may be attributed to the decreasing viscosity and surface tension of electrolyte with increasing the temperature [34] . Decreasing the viscosity decreases the concentration polarization around the cathode surface and it causes the growth of dendritic grains on the cathode surface. Also, it facilitates the transport of detached hydrogen bubbles through the interior of the deposit, thus forming a channel structure through it. The decrease of surface tension of the solution lowers the break-off diameter and increases the quantity of hydrogen bubbles, although the net mass of generated gas is proportional to electrolyte molarity and current density and temperature has a negligible effect on it. In comparison with electrodeposited structure made by Patil et al. [21] in higher copper sulfate concentration (0.8M) and lower deposition time (15 seconds), the uniform porous layer with higher thickness fabricated. Also, in comparison with author's previous work [28] current density of 250 mA/cm 2 for 50 seconds, the mechanical stability was weaker and nanostructures depend on electrolyte temperature.
Mechanical stability of the structures is one of the important issues in using porous structures for two-phase heat transfer. Two usual approaches for stability improvement of electrodeposited porous structures are annealing and multi-step electrodeposition. Microstructure at the end of the first step electrodeposition is highly porous, but fragile and delicate to handle. In the second step, the very low rate of deposition of the Cu atoms strengthens the microstructure by filling up the open macropores and barely changes the thickness and surface morphology. Figure 4 shows the annealed one-step electrodeposition sample which has not formed completely or with requisite stability. Then, two-step electrodeposition is used but nanodendritic structures are still brittle. Therefore, annealing at a relatively high temperature (500°C) for few hours (2 hours) under reducing conditions (50% H 2 + 50% N 2 ) is applied to further improve stability. Figure 5 shows the SEM images of a dendritic electrodeposited sample prepared in 60°C electrolyte temperature after annealing. The macro-scale structure remains unchanged (pore size, thickness), but nanostructures change due to the melting of high energy surfaces. However, the surface area of the structure is reduced, while the stability is improved.
CHF prediction
In order to predict the CHF of surfaces according to Eq. (6), the required parameters need to be determined. Selected frames of the capillary rate-of-rise experiment captured as a function of time for one sample have been shown in Figure 6 . These are used to determine the wetting area according to time in three samples. Surface samples are oriented perpendicular to the horizontal surface of a liquid reservoir. Once the sample base touches the reservoir surface, the liquid rises along the surface due to a finite capillary pressure gradient. The location of the rising liquid front is tracked as a function of time.
The wetted area is calculated by tracking the displacement of the water front on the surface. Figure 7 shows the wetted area in samples and initial (maximum) flow rate compute according to 2 seconds of initial wicking. There is a slight difference between samples electrodeposited at 5°C and 30°C, while the data at 60°C shows a higher initial slope and more wicking ability due to dendritic nanostructures and high effective surface area.
The thickness of samples prepared in electrolyte temperature of 5, 30, and 60°C, are 300, 270, 220 µm, respectively. The porosity of samples shown in Figure 8 are determined with area estimation by ImageJ software. The porous surface electrodeposited at 30°C has the greatest porosity of 67%.
The CHF for polished copper with receding contact angle of 70°was predicted by Kandlikar's correlation [33] to be 91.7 W/cm 2 and agreed well with current experiments. The required parameters for CHF estimation of porous structures electrodeposited in different electrolyte temperatures are presented in Table 1 . Based on these predictions for the samples shown the porous surface electrodeposited in 60°C temperature has a maximum wicked flow rate and it is expected that the CHF of this surface be 19.9 W/cm 2 more than Kandlikar's prediction.
Pool boiling performance
Pool boiling experiments were conducted to investigate heat transfer enhancement in saturated nucleate boiling of de-ionized water under atmospheric pressure on polished and nanostructured microporous surfaces. Figure 8 shows pool boiling data of nanostructured microporous coatings electrodeposited at 30°C and 60°C electrolyte temperatures, polished copper, and Rohsenow's correlation. Experiments were conducted on plain polished copper as a reference surface. The plain copper surface was polished with a #2500 grit sandpaper and its roughness was measured to be 0.2 µm. Rohsenow [35] recognized the influence of the liquid solid combination on boiling heat transfer and developed a generalized correlation:
where T s is the superheat temperature, q is the heat flux, m is the empirical constant with a value of 1.7 as suggested by Rohsenow [35] . The empirical constant C sf takes care of the solid-liquid combination and value of 0.0085 has been taken to match with the result. Comparisons of the present boiling data with Rohsenow's correlation are shown in Figure 9 . The microporous surface electrodeposited at 5°C was destroyed during the pool boiling experiment due to weak adhesion between structure and substrate. As shown in Figure 9a , the microporous surfaces resulted in significantly lower wall superheats than polished surface under the same heat flux condition. For example, when the heat flux was 50 W/cm 2 , the reduction in wall superheat of the microporous was 60% of the polished surface. At the stage of incipient boiling, wall superheat of the microporous surfaces was around 2.5 K, whilst that of a polished surface was 7.8 K. Experimental data on maximum heat flux confirmed that wickability is an effective explanation; and qualitatively, the surface with more ability to absorb liquid can reach a higher heat flux. The hollow data points show the prediction of CHF according to wickability on microporous surfaces and Kandlikar's prediction on polished surface. They are slightly lower than data obtained experimentally. Lower prediction of CHF on microporous surfaces may be due to the base of porous media, which may result in faster liquid absorption underneath the surface that, however, could not be observed. In addition, there are uncertainties in determination of each parameter in Eq. (8), in order to predict the gained heat flux of wicked liquid. The enhancement of the CHF observed in the microporous coatings appears to be the result of the capillary surface rewetting and thermal thin-film evaporation.
Dependence of HTC on heat flux is presented in Figure 9b . The HTC of microporous surfaces is higher than that of polished surface at any measured heat flux. At low to moderate heat flux conditions (<60 W/cm 2 ), microporous surfaces show excellent heat transfer enhancement. Microporous structures with more wickability appear to provide more liquid to evaporate from thin films inside porous structure, accelerate bubble generation and frequency with more active nucleation sites at lower superheat, decreasing bubble diameter because of porous boundaries and increasing the heat transfer area. With the increase of heat flux, the advantage of microporous surfaces for nucleate boiling heat transfer performance declines. At moderate to high heat flux (>60 W/cm 2 ), bubbles generated on the microporous surface coalesce into bigger clusters or even form into a vapor film near the porous surface which increases the thermal resistance. More wickability helps to maintain a wetted surface despite higher vapor production and quickly replenishes the heated surface with cold liquid after local evaporation leading to re-wetting of dry patches and consequently delaying the CHF.
The porous surface electrodeposited at high electrolyte temperature showed the maximum CHF of 124 W/cm 2 and the best HTC of 17 W/cm 2 K which was 1.5 and 3.7 times than that of the polished surface, respectively. However, the mechanical stability of these porous surfaces needs improvement for long-term use.
Conclusions
An experimental study has been undertaken to investigate pool boiling heat transfer performance of electrodeposited nanostructured microporous surfaces which were fabricated in electrolyte temperature of 5, 30, 60°C. The following conclusions may be drawn:
1. Through the surface morphology analysis and pool boiling experiment, it is known that by selecting the electrodeposition parameters such as electrolyte temperature, different nanostructured microporous surfaces with better boiling performance can be obtained. 2. Two-step electrodepostition and annealing can improve binding to the substrate and structural strength of the porous layer. However, stability of porous structures should be considered when long-term application is evaluated. 3. Surface prepared at 60°C electrolyte temperature, with dendritic nanobranch in micropores, can increase the HTC by 270% and decrease the wall superheat by 60%, which implies that the nanoporous structure plays an important role in promoting the development of enhanced boiling heat transfer technology. 4. According to the CHF prediction by wickability analysis, the nanostructured microporous surface with more liquid absorption ability can delay the dry-out and deviation from experimental results was less than 20%. Guo Qi Zhang is an IEEE fellow and Chair Professor for Micro/Nanoelectronics System Integration and Reliability in TU Delft. He has authored/coauthored more than 300 scientific publications; chaired/co-chaired several international conferences; and serves as associate editor for three international journals.
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